Abstract: We report on the extension of Optical Coherence Tomography using extreme ultraviolet and soft x-ray radiation and demonstrate an axial resolution of nanometers.
Introduction
Optical coherence tomography (OCT) is a well-established method to retrieve three-dimensional, cross-sectional images of biological samples in a non-invasive way using near-infrared radiation. The axial resolution of OCT is in the order of the coherence length l c ∝ λ 2 0 /∆λ FWHM which depends on the central wavelength λ 0 and the spectral width (FWHM) ∆λ FWHM of a light source. As a consequence, the axial resolution only depends on the spectrum rather than the geometrical properties of the radiation. OCT with broadband visible and near-infrared sources typically reaches axial (depth) resolutions in the order of a few micrometers [1] . Within the last decade and in conjunction with the quickly developing sector of advanced material design, the scale length of interest has dropped from micrometers to a few nanometers. The method presented here takes advantage of the fact that the coherence length can be significantly reduced if broadband XUV and SXR radiation is used. Microscopy using XUV and SXR radiation has regularly ineluctable practical restrictions imposed by the optics and sources available in this regime. Coherence tomography with short wavelength has the potential to circumvent some of these limitations. A major limitation of XUV radiation is the absorption within a few tens or hundreds of nanometers depending on the actual composition of the material and the wavelength range. Consequently, XUV coherence tomography (XCT) can only display its full capabilities when used in the transmission windows of the sample materials. For instance, the silicon transmission window (30-99 eV) corresponds to a coherence length of about 12 nm assuming a rectangular spectrum and an absorption length of about 200 nm, thus suggesting applications for semiconductor inspection. In the water window at 280-530 eV as defined by the K absorption edges of carbon and oxygen, respectively, a coherence length as short as 3 nm can be achieved and highlights possible applications of XCT for life sciences.
Setup
Typically, a OCT device in the near-infrared spectral range consists of a Michelson-type interferometer in which one mirror is the sample [2] . The image can be captured by measuring the spectral intensity of each component of the broad bandwidth light source (Fourier-domain OCT) or by scanning the reference arm length of the interferometer (timedomain OCT). The realization of a classical Michelson interferometer in the XUV regime is highly demanding. The short wavelength call for extraordinary precision with respect to the flatness of optical surfaces, including the beam splitter. In order to overcome these problems, we use a variant of Fourier-domain OCT setup called common-path Fourier-domain OCT [3] . The reference wave and the sample wave share the same path, see Fig. 1 . Strikingly, using this variety of OCT, a beam splitter can be completely avoided [4, 5] . For the present proof-of-principle experimental setup broadband synchrotron light was focused on the surface of the sample. The samples are one-dimensional structured layer systems consisting of materials with sufficient absorption lengths in the spectral ranges used, e.g., silicon or boron carbide. The reflected intensity is measured either with a grating spectrometer, consisting of a gold transmissinon grating and a toroidal mirror (spectrometer-based OCT), or with a photo diode (swept-source OCT). However, the reference arm of the interferometer is not longer available in our setup. Instead, the top layer reflection assumes the role of a reference beam. To distinguish the top layer reflection better from inner layer reflections, a thin, strongly reflecting top layer (e.g. 5 nm gold) were added to the sample. Merely a Fourier transform of the reflected spectrum needs to be computed for retrieving the structural information. A 3D image can be captured by scanning the focus point over the sample. 
Measurement
Different samples were investigated at the synchrotron facilities DESY (Deutsches Elektronen-Synchrotron, Hamburg) and BESSY (Berliner Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung) in the water and silicon transmission window. Both swept-source OCT with a photo diode and spectrometer-based OCT with the grating spectrometer were performed. We found the expected values in resolution and penetration depth confirmed. In Fig. 2 the XCT-signal of two 5-nm gold layers separated by a silicon layer, buried under 120 nm silicon and a gold top layer is shown. The spectrum was recorded with a grating spectrometer. It can be seen that the peak width is about 15 nm, which corresponds to the coherence length of broadband radiation in the silicon transmission window. The two peaks at 120 nm and 140 nm are the two buried gold layers and they appear clearly seperated from each other. 
Conclusion
We report on the extension of Optical Coherence Tomography using extreme ultraviolet and soft x-ray radiation and demonstrate an axial resolution of nanometers. The experimental results strongly suggests its application as a new non-invasive tomographic method to investigate nanometer-scale structures of layered systems and simple threedimensional samples by lateral raster scanning.
